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The geopolymer based on an alkali-activated mixture of fly ash, blast furnace slag and metakaolin was produced
and tested as a matrix for immobilizing the wood ash, obtained by pyrolysis of inactive pine, simulating radioactively
contaminated wood from the Chernobyl zone. Ukrainian raw materials, hot pressing and casting were used to produce
samples. The rheological properties of pastes, mechanical characteristics and structures of hardened samples were
analyzed. Optimized hot pressing parameters: T =80 °C and P = 60 MPa facilitate to form dense geopolymers
containing 10...40 % wood ash with increased compared to casted samples properties, which meet the European

Waste Acceptance Criteria.

INTRODUCTION

Intensive researches are focusing now in the world on
the development of suitable materials for radioactive
waste  (RAW) immobilization.  Aluminosilicate
geopolymers (GP) combine acceptable physical and
mechanical properties, possess good chemical resistance
to different aggressive media and occupy one of the
leading places among studied binders because they are
considering as the most promising materials to replace
ordinary Portland cement (OPC) [1-5].

The advantage of GP technology over OPC
production is the absence of high-temperature firing and
carbon dioxide emissions during the decomposition of
carbonate raw materials, as well as the ability to utilize
waste from various industrial sectors: fly ash, blast
furnace slag, etc. [6-8].

GP are widely used as construction, thermal
insulation and roofing materials, as well as in the
manufacture fire-resistant composites and catalysts.
Furthermore, GP are regarded as promising materials for
the RAW immobilization and the use of such materials
will significantly improve environmental safety and the
reliability of waste long-term storage in future.

NSC KIPT systematically conducts research on the
development of radiation-resistant ceramic, glass-
ceramic and binder materials and significant attention is
devoted to identifying promising formulations and
finding new solutions for RAW immobilization [9-13].
Our experiments with GP testing were started in the
framework of the Horizon-2020 (PREDIS project),
which aimed the development and implementation of
activities for pre-disposal treatment of RAW streams
other than nuclear fuel and high-level radioactive waste.
The main objectives of the research on the direct
conditioning process were to select the most promising
formulations for further study and development, to
evaluate the stability of the selected formulations and to
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consolidate the reference formulations through testing
using real waste, as well as to investigate the possibility
of scaling up the results of previous pilot tests [14].

As a result of selection activity, the method for
incorporating liquid RAW into GP was developed and
optimized by NSC KIPT in terms of compliance with
European Waste Acceptance Criteria (WAC). The
obtained GP based on fly ash (FA), blast-furnace slag
(BFS) and metakaolin (MK) mix is characterized with
accepted workability, setting time-20h, dense,
homogeneous structure and compressive strength —
32 MPa [15].

GP fabricated according developed formulation was
tested as matrix for surrogated solutions (oils, solvents),
which were used to simulate the liquid organic RAW. As
a result of the direct conditioning process, samples
containing up to 30% by volume of various oils are
characterized with a dense, homogeneous structure and
compared to samples without oils, have acceptable
properties that are not significantly lower after 28 days of
curing.

As a result of the Chernobyl accident, there was a
large-scale regional release of radionuclides into the
atmosphere, which caused radioactive contamination of
the environment. Thanks to financial support from the
EC, special equipment (an incinerator) was built in
Chernobyl zone to burn radioactively contaminated
wood. Wood ash is temporarily stored in special sealed
containers, but it cannot be stored in this form for a long
time. Therefore, the challenge of immobilizing the
radioactive ash into a solid, stable matrix suitable for
long-term storage is extremely relevant.

It should be noted that a number of scientific works
and reviews on innovative GP have recently been
published. One of the new routes to improve the GP
characteristics is realizing with application of the hot
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pressing (HP) method, where the pressure (P) and
temperature (T) of process play an important role [16-20].
The aim of this work is to evaluate the effect of
pressure and temperature on the immobilization of
incinerated radioactive wood ash in GP matrix.

EXPERIMENTAL METHODOLOGY

In the research Ukrainian raw materials were used.
MK was obtained by calcination of kaolin (Zaporozhye
region) at 800 °C. FA (class F) and ground granulated BFS
were supplied by thermal power plant Burshtyn (lvano
Frankivsk region) and CEMBUDSERVICE Co
(Kam‘yanske, Dnipro region) respectively.

Potassium hydroxides and potassium liquid glass
were used as alkaline activators. Preliminary tests were
conducted with GP without RAW simulants to optimize
the parameters and after the research was performed with
addition of simulant in GP matrix.

Inactive incinerated wood ash was used as the simulant
of RAW (radiation-contaminated wood from Chernobyl
zone). Firstly, the dry mixture of raw materials: FA —
34 wt.%, BFS-20wt%, and MK-14 wt%, was
prepared and secondly, the alkaline activator based on
liquid mixture of components: distilled water — 12 wt.%,
potassium hydroxide — 9 wt.% and potassium glass —
11 wt.% was prepared. Then the dry mixture was added
to activator and mixed for 20 min to make a fresh GP
paste, which was placed into mold and installed to lab hot
press. Then HP was realizing with T = 60...150 °C and
P =50...70 MPa. Formed GP were pressed out and cured
at room temperature for 28 d.

The first step of the research was to establish the
optimal parameters of HP: pressure and temperature for
GP producing without wood ash. Based on the results
obtained from optimizing the parameters for GP
producing, the compositions of the test samples were
chosen to investigate the possibility of immobilizing
wood ash into the GP matrix. For the corresponding
experiments, wood ash was added to the GP paste in
amounts ranging from 10 to 40 wt.%.

The scheme of HP treatment GP paste and lab scale
HP facility are presented in Figs. 1 and 2, respectively.

A series of tests were performed to evaluate the fresh
pastes and hardened materials properties. Pastes and
hardened samples were tested regarding bleeding, setting
time, workability, determined by viscosity measurement,
and compressive strength in terms of compliance with
European WAC.
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Fig. 1. Scheme of HP treatment of geopolymer paste

The viscosity of the paste was determined using a
Brookfield LVDV-II+ Pro rotational viscometer.
Compressive strength was determined in accordance with
DIN EN 196-1 using a testing press. Some characteristics
were evaluated visually.

Fig. 2. Lab scale HP facility

Studies of the macrostructure of the materials were
performed using an optical microscope MBS-10 and
studies of the microstructure of the GP samples were
conducted using a scanning electron microscope
Superprobe 733 (JEOL, Japan).

RESULTS AND DISCUSSION

The effect of pressure and temperature on compressive
strength of GP samples is illustrated in the Fig. 3.
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Fig. 3. Effect of pressure and temperature on
compressive strength of samples

Samples produced using the HP method are
characterized with higher compressive strength
compared to samples produced by casting (20 °C). When
the pressing pressure is increased from 40 to 60 MPa, the
strength of the samples increases at all applied
temperatures (80...120 °C) and reaches a maximum
strength of 40 MPa at 80 °C. With a further increase in
pressing pressure to 80 and 100 MPa, the strength of the
samples decreases. The probable cause of the decrease in
strength at temperatures above 80 °C is the increased
evaporation of the alkaline activator solution, which
prevents the formation of the advanced geopolymer.

The macrostructure of samples produced by HP
method (P =60 MPa, T =80°C) compared to casted
samples (T =20 °C) is shown in the Fig. 4.
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The structure of the samples obtained using HP
method is similar to the structure of casted samples,
mostly dense and homogeneous. The only difference is
that casted samples contain more pores and other defects
with size < 0.5 mm.

Fig. 4. The macrostructure of samples produced by
HP method (a) compared to casted samples (b)

Thus, the influence of temperature and pressing
pressure on the properties of GP was determined, and the
optimal parameters for obtaining samples with advanced
strength were established: T =80 °C, P = 60 MPa.

It is worth noting that the results of our study and the
established parameters for the production of improved GP
are consistent with the findings of a number of researchers
[21-24], which confirms the validity of our conclusions.

Based on the obtained results with optimized HP
parameters for GP producing, the compositions of the test
samples were chosen to investigate the possibility of
immobilizing wood ash (10...40 wt.%) into the GP
matrix. In accordance with the WAC for immobilizing
matrix, the viscosity of the paste with wood ash added was
investigated.

Rheograms of the optimal GP paste and the paste with
varying wood ash content are presented in Fig. 5.
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Fig. 5. Rheograms of the optimal GP paste (without
wood ash) and the paste with varying wood ash content

It was determined that pastes of all compositions are
characterizing by decreasing viscosity at increasing shear
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rate, which indicates the pseudoplastic behavior of the
tested materials. Samples of GP paste without wood ash
as well as with 10 and 20% of wood ash content are
identified by similar behavior. As the wood ash content
increases, the viscosity of the paste increases
correspondingly at all shear rates studied.

The paste with a 40% of wood ash is described with
unsatisfactory flowability, and it was not possible to
determine its viscosity using the viscometer. Therefore,
surfactant Castament FW-10 (BASF) based a
polyethylene glycol was used to improve flowability. The
addition of the Castament FW-10 into the paste results in
a significant decrease of viscosity (see Fig. 5) and allows
to obtain higher quality samples. The deflocculating
action of Castament FW-10 is the typical effect of
surfactants that causes a decrease in surface or interfacial
tensions.

Based on the results of the studies conducted, GP
samples were obtained with additions of 10, 20, and
40 wt.% wood ash, using both the ordinary casting
method and HP treatment, with the following optimized
parameters: T = 80 °C, P = 60 MPa.

Photo of casted samples (cubic) and treated with HP
method (cylindric) for analytical researches are
illustrated in Fig. 6.

Fig. 6. Photo of casted samples (cubic) and treated with
HP method (cylindric), from bottom to top: without
wood ash (1 row), with 10% of wood ash (2 row), with
20% of wood ash (3 row), with 40%
of wood ash (4 row)

The mechanical properties of samples produced by
casting and HP method for comparison are reported in
Table.

Mechanical properties of samples produced by casting
and HP method

Wood ash . Compressive
Lvrlgtt:irll?:(tjig; content, D;;?T'g strength, MPa
wt.% 7d 28d
0 1.96 23 32
Casting 10 1.85 18 28
20 176 14 22
40 1.64 10 16
0 2.05 30 40
Hp 10 1.92 22 32
20 1.84 17 26
40 173 12 20

GP samples of all

compositions, which were

produced using HP treatment and tested after 7 and
28 days, are presented with higher density and strength
values compared to casted samples. With an increase in
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wood ash content from 10 to 40%, a significant reduction
in properties of all compositions is observed.

Regarding the compressive strength data, all samples
without and with wood ash added (10...40%), casted and
treated by HP measured > 5 MPa at 28 days, which complies
with WAC and confirms the robustness of the formulation.

JEM-G700F LEI 200KV 1,100 10pm WD 15.0rmm

SEM observations were conducted on GP samples
with 40% of wood ash, produced by HP treatment,
compared to casting method, as reported in Fig. 7. Both
GP samples are characterized with identical
microstructure: very dense and homogeneous.

Fig. 8 demonstrates the SEM image and results of
EDS of the sample with 40% wood ash, produced by HP.
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Fig. 7. SEM of GP samples with 40% of wood ash, produced by HP treatment (right),
compared to casting method (left)

Memo | Na20| Mo0| A03| s02] so03] k20| ca0| 102] c203] Ma0|  Fe0] co0| NO|  cwl zo|
007 031 344 782 5361 154 17219 723 020 010 ON 177 010 0% 027 000
008 02 1% 301 6803 035 1867 S42 016 023 013 087 021 000 016 030
0 028 253 2085 5183 07 712 1345 020 014 042 200 02 033 000 000
010 000 206 1621 4420 115 1042 22539 105 065 0N 124 002 0®@ 005 000
om 059 835 183 4787 141 155 23% 000 000 OS5 043 000 000 000 004
012 059 165 53 872 0N 366 374 030 000 00 03 006 003 012 000
013 120 2% R4 54T 000 360 164 028 000 0@ 348 004 003 018 0%

Fig. 8. SEM and EDS of the sample with 40% wood ash added produced by HP

Elemental analysis of microstructural sections of the
sample have been displayed the presence of spherical fly
ash particles with a low calcium content (areas 7, 8) and
wood ash particles with a high calcium content (areas 10,
11); the high calcium content in wood ash was previously
observed and reported in the work [12]. As can be seen,
the wood ash particles are quite firmly bound to the GP
matrix, which is demonstrated in areas 9 and 13.

CONCLUSIONS
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Experimental studies were conducted on the
development of GP composite based on Ukrainian raw
materials: fly ash, blast furnace slag, metakaolin, as well
as liquid potassium glass and potassium hydroxide, using
HP method and ordinary casting for application in the
immobilization technology of incinerated radioactive
wood ash from Chernoby! zone.

According to the results of the rheological test, it was
determined that both GP pastes without and with wood
ash added are characterizing by decreasing viscosity at
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increasing shear rate, which indicates the pseudoplastic
behavior of the tested materials. As the wood ash content
increases, the viscosity of the paste increases
correspondingly at all shear rates studied. The effective
impact of the addition of a surfactant Castament FW-10,
to improve the fluidity and the homogeneity of the paste
with 40 wt.% of wood ash added was demonstrated.

Based on the analysis of the influence study of
temperature and pressure on the GP characteristics the
optimal parameters of HP method were established:
T=80°C and P = 60 MPa, which initiate the highest
compressive strength — 40 MPa. It was shown that the
formed by HP method GP samples with 10...40% wood
ash content, are characterized by a dense and
homogeneous structure and acceptable property indices,
which exceed those of samples produced by casting.

The results of this research have been demonstrated
the advantages of using the HP method over ordinary
casting, as well as its potential for future application in
the immobilization technology of incinerated radioactive
wood ash.
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BILTMB THCKY TA TEMIIEPATYPH HA BJACTUBOCTI TEOIIOJIIMEPY,
110 OTPUMAHMITI METOJOM T'APSTYOTO IPECYBAHHS,
JIJIS1 IMMOBLII3ALE PAJIOAKTUBHO 3ABPY/IHEHOI 30J11 JEPEBUHU

€.0. Ceéimauunui, C.1O. Cacnko, b.I'. Illadanin, B.A. llIkyponamenko,
I'.0. Xonomees, O.B. ITununenxo

I'eonomiMep Ha OCHOBI Jy)KHO-aKTHBOBAHOI CYMIMIl 30JM BHHOCY, JOMEHHOTO IUIAKy Ta METaKaoJiHy Oyio
BUTOTOBJICHO T4 BUIPOOYBAHO B SIKOCTI MAaTPHIIi A7 iMMOOiTi3alii 30,11 TepeBHHH, IKY OTPUMAHO IUIIXOM MipOIIizy
HEaKTHBHOI COCHH, III0 iMiTyBajla palioaKTHBHO 3a0pyAHEHY AepeBHHY 3 HOpHOOMIBCHKOI 30HA. J[JIst BUTOTOBIICHHS
3pa3KiB BUKOPHCTOBYBAJIM YKPaiHCbKYy CHPOBHUHY, rapsie MpecyBaHHs Ta JIUTTA. [IpoBeleHO aHalli3 peosoTiuHMX
BJIACTMBOCTEH MAacT, MEXaHIYHUX XapaKTePUCTHK Ta CTPYKTYp 3aTBEpAUIMX 3pas3kiB. ONTHUMI30BaHi HapaMeTpH
rapsiyoro npecyBanusi: T = 80 °C ta P = 60 MIla, cripusitoTh YTBOPEHHIO HIUIBHUX TEOMONIMEpIB, IO MICTSTh
10...40% 30mu JepeBUHM, 3 TOKPAIICHUMH, K MOPIBHITU 3 JIUTUMH 3pa3KaMU BJIIACTHBOCTSIMH, SIKi BiZIIOBIIAIOTh
€BpONENHCHKUM KpUTEPIsIM IPUHMaHHS BiIXO/iB.
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